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Abstract 
Owing to the spatial orientations of carbon fibers, the porous electrodes of proton exchange membrane 
(PEM) fuel cells exhibit strong structural anisotropy, which affects the transport of species, ions, electrons, 
liquid water, and heat along the in-plane and through-plane directions. To capture the anisotropies of 
species transport, charge migration, and heat transport for PEM fuel cells operated at various loads, a two-
phase flow, non-isothermal, computational fluid dynamics (CFD) model was developed and 
experimentally validated. Various anisotropic parameters were separately studied, and their contributions 
to the overall cell performance at different loads were compared. The results indicated the significance of 
anisotropic transport processes inside the electrodes, as the isotropic electrode properties overpredicted 
the cell performance. Among all the studied parameters, the anisotropies of the ion conductivity and gas 
diffusivity deserve careful consideration due to their significant impact on the cell performance, 
especially at high current densities. The anisotropies of the electrode permeability for gas transport and 
thermal conductivity can be neglected because of their limited effects on the cell performance. The 
anisotropy of the electrode permeability for liquid-water transport under a capillary mechanism had a 
considerable influence on the cell performance owing to its impact on the water saturation within the 
electrode.  
 
 
 
 
 
Keywords: PEM fuel cells, anisotropy, gas diffusion coefficient, capillary diffusion coefficient, electrode 
conductivity, thermal conductivity 
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1. Introduction 
Proton exchange membrane (PEM) fuel cells are promising alternatives and complements to existing 
energy-conversion technologies and have attracted intensive attention in the past decades 
[Peighambardoust et al. 2010, Wang et al. 2011, Debe 2012, Nie et al. 2015]. Numerous experimental and 
numerical endeavors have been greatly promoting the commercialization of PEM fuel cells through the 
development of cheaper catalysts [Banham et al. 2015, Xiao et al. 2015, Malko et al. 2016], the reduction 
of the catalyst loading [Mougenot et al. 2011, Dang et al. 2014; 2017, Zenyuk et al. 2016], and the 
enhancement and optimization of the transport processes and parameters [Rostami et al. 2016, Gandomi 
et al. 2016, Xing et al. 2015, Park et al. 2018]. Regarding fuel cell performance and durability, it is 
commonly accepted that maintaining the proper saturation level of the PEM for increased proton 
migration [Ji and Wei 2009, Jiao and Li 2011], developing suitable microchannels inside the porous 
electrode for fast gas transport [Li et al. 2015, Liu et al. 2015], and designing a novel flow field for better 
water removal [Kim et al. 2017, Carton and Olabi 2017] are the most important issues.  
Reasonable water management is essential for the successful operation of PEM fuel cells. On one hand, 
PEM must be hydrated by absorbing water from inlet gases to maintain good ionic conductivity. On the 
other hand, the relative humidity of the inlet gases must be carefully controlled to avoid water flooding 
inside the porous electrodes and channels, especially at the cathode. Water flooding introduces extra mass 
transport resistance to gas transport through the porous electrodes by partially filling their void space, 
reducing the cell performance at a high current density [Weber et al. 2014, Andersson et al. 2016]. At low 
stoichiometric flow ratios of reactant gases, the dominant mechanism for liquid-water transport is 
capillary diffusion [Xing et al. 2016], which depends on the orientation and arrangement of the 
microchannels consisting of void space with different diameters and lengths. The anisotropy of water 
transport is initiated by the anisotropic permeability of the electrode, because the capillary diffusion 
coefficient is a function of the electrode permeability, as indicated by numerous modeling studies 
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[Pasaogullari and Wang 2004, Anderson et al. 2010, Weber et al. 2014, Andersson et al. 2016]. However, 
in most previous studies, the anisotropic transport of liquid water was neglected.   
The rate of gas transport through a porous electrode is characterized by the effective diffusion 
coefficient, which is a function of the electrode porosity and tortuosity and the intrinsic diffusion 
coefficients of the individual species in the gas mixture. Owing to the formation of water, the electrode 
porosity is reduced. The microchannels for liquid-water transport are also the media for gas transport. 
Therefore, the anisotropy of gas transport leads to a significant difference in the effective diffusion 
coefficient along the in-plane and through-plane directions. The in-plane diffusion coefficient was 
predicted to be larger than the through-plane diffusion coefficient by Tomadakis and Sotirchos (1993), 
Nam and Kaviany (2003), and Pasaogullari et al. (2007).   
Heat management is also a crucial issue for PEM fuel cells owing to its significant influence on the 
rates of electrochemical reaction and species transport, as well as the water-carrying capacity (WCC) of 
gases [Djilali and Lu 2002, Weber and Newman 2006, Siegel 2008, Xing et al. 2016]. Heat transport is 
complicated by the coupled water transport, which brings additional heat sources related to evaporation, 
condensation, and other phase-transfer processes between vapor, dissolved (in Nafion membrane), and 
liquid water [Yan et al. 2004, Li et al. 2008]. The heat-transport rate varies in different domains (bipolar 
plates, gas diffusion layers (GDLs), catalyst layers (CLs), and PEMs of fuel cells, and the effective 
thermal conductivity strongly depends on the composition of a specific domain. Typically, the effective 
thermal conductivity depends on the amount and spatial distribution of each component contributing to 
the thermal conductivity of the studied domain. Theoretically, the effective thermal conductivity is 
determined by the volume fractions and intrinsic thermal conductivities of the solid (carbon and/or 
platinum), liquid (water), and gaseous phases present inside the void space of the porous electrode. Owing 
to the anisotropic properties of the porous electrode, e.g., carbon fibers and void space, the in-plane and 
through-plane thermal conductivities must be separately calculated and measured.  
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   The electron and proton transfer within the porous electrode rely on the carbon fiber and the developed 
ionomer network intersecting void space. The effects of the anisotropy of the electron conductivity on the 
local current density distribution and overall cell performance have been intensively studied [Zhou and 
Liu, 2006, Meng 2006, Zamel et al. 2012, Todd et al. 2016]. As the electron transport media, carbon 
fibers are normally oriented along the in-plane directions [Ismail et al. 2012], resulting in the in-plane 
conductivity (5,000–23,000 S m-1) being higher than the through-plane conductivity (300–1,400 S m-1) 
[Natarajan and Nguyen 2004, Becker et al. 2009, Lee and Mérida 2007]. However, the anisotropy of the 
ion conductivity has not been investigated in previous studies. The effect of the anisotropy of the ion 
conductivity is as important as that of the electron conductivity because the ionomer network comprises 
ionomers attached to carbon fibers. The orientation of the ionomer network is therefore mainly 
determined by the orientation of the carbon fibers.  
Porous electrodes are typically prepared using highly porous carbon fiber materials, e.g., carbon paper 
or cloth. Owing to the special constitutive orientations of carbon fibers, the porous electrode exhibits 
strong structural anisotropy, which leads to variations of the transport properties, including the species 
diffusivity [Pharoah et al. 2006, Yang et al. 2008], electrode permeability [Ahmed et al. 2008, Fishman et 
al. 2010, Rama et al. 2011], electrical resistivity [Zhou and Liu, 2006, Meng 2006, Todd et al. 2016], and 
thermal conductivity [Pasaogullari, 2007, Bapat and Thynell, 2008], along the through-plane and in-plane 
directions. Fig. 1 shows a sketch of the gas transport through an anisotropic porous electrode. The 
pathway in which the reactant gases travel is more tortuous along the through-plane direction than along 
the in-plane direction, leading to the through-plane diffusivity being lower than the in-plane diffusivity.  
In this study, we comprehensively examined the effect of the anisotropic transport of species, charge, 
and heat on the cell performance using a non-isothermal, two-phase flow, computational fluid dynamics 
(CFD) model. Special attention was paid to the anisotropies of proton transport and the capillary diffusion 
of water. The contributions of the studied anisotropic parameters were compared. It was found that the 
anisotropic electrode permeability significantly affects the capillary diffusion of water, which changes the 
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profiles of water saturation inside the electrode, having a considerable effect on the cell performance at a 
high current density. The anisotropic ion conductivity significantly affects the cell performance at all 
current densities. As the current density increases, the effect of the anisotropic gas diffusivity increases. 
The local temperature resulting from the anisotropic thermal conductivity is slightly higher than that in 
the isotropic case. The anisotropic thermal conductivity changes the temperature profiles within the 
electrode. However, its effect on the cell performance is limited.  
2. Numerical model 
2.1 Model features and assumptions 
     The model is based on a two-dimensional along-the-channel computational domain consisting of flow 
channels, GDLs, CLs of the anode and cathode, and a PEM sandwiched in between. The channels are 1 
cm  1 mm  1 mm in length, width, and depth, respectively. The counter flow mode of the reactant gases 
at the anode and cathode is applied. The CLs are assumed to comprise carbon agglomerates, in which 
platinum particles are uniformly embedded. The governing equations for different transport processes and 
electrochemical reactions are fully coupled. The anisotropy of numerous parameters associated with the 
majority of the critical transport processes, including the transport of gas, liquid water, electrons, charge, 
and heat, is considered. The geometric parameters are presented in Table 1. The assumptions are 
summarized as follows. 
1. The studied fuel cell unit is operated in the steady-state mode. 
2. Inside the CLs, there is a continuous ionomer network. The proton conductivity directly depends 
on the ionomer loading.  
3. The anisotropic properties of the networks of Pt/C, ionomers, and void space in the CLs are 
similar to those of the carbon fibers in the GDLs. 
4. The effect of gravity on the formation and transport of water droplets is omitted, as liquid water is 
assumed as a continuous phase mixed with reactant gases in the channel and porous media.  
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Because the morphology and structure of CLs differ from those of GDLs, the anisotropic transport 
properties of CLs must be investigated separately. However, because published data for CLs are presently 
unavailable, we assume that the orientations of platinum/carbon (Pt/C), ionomers, and void space are 
similar to that of the carbon fibers within the GDLs. This assumption is reasonable in our case because 
the catalyst ink is ultrasonically sprayed onto the GDL surface without a micro-porous layer (MPL). The 
tiny droplets of catalyst ink penetrate a certain depth of the GDL, extend, and dry out on the outer surface 
of fibers, eventually forming a thin-film coating on the fiber surface and between the overlapped fibers. 
This concept was confirmed by the scanning electron microscopy (SEM) images of Ismail et al. (2010) 
and Sadeghifar et al. (2014). The fibers of the GDL become a portion of the CL, and a certain portion of 
fibers are included inside the CL during preparation. When more ink is applied, a relatively compact CL 
is formed on the GDL surface. This concept is validated by the coupled X-ray computed tomography (CT) 
and SEM images of Meyer et al. (2016). Thus, we assume that the orientations of the functional 
components of the CL are similar to that of the fibers of the GDL, because these fibers are a portion of the 
CL. The anisotropic transport parameters can be described by the developed expressions for the GDL 
[Cindrella et al. 2009; Zamel et al. 2012].   
2.2 Governing equations 
2.2.1 Gas and liquid water transport 
  A general convection-diffusion equation was given to describe the conservation of mass, charge and 
energy in a steady state [Cao et al. 2015]. 
( ) ( )g F S      u                                                   (1) 
where   is the general variable to be solved,   is the nominal density, F  is the generalized diffusion 
coefficient of variable  , and gu  is the velocity of the gas phase. S  is the source term. The detailed 
expressions of the source terms for various processes were given elsewhere [Xing et al. 2016a; 2016b; 
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2016c]. By choosing proper expressions for  ,   and F  in Table 2, Eq. (1) was used to represent the 
transport of gas species, heat, ion and electron. 
    The transport mechanism of species i in gas mixture was described using Fick’s law.  
( )
g
g
i i i
n
x S
M

   N u                                                                 (2) 
g
eff
i i i
n
D x
M

  N                                                                      (3) 
where 
ix  and iN  (mol m
-2
 s
-1
) are the mole fraction and flux of species i,  
nM  (kg mol
-1
) is the mean 
molecular weight of the gas mixture, 
iS  (mol m
-3
 s
-1
) is the source/sink term for species i. The detailed 
expressions were listed elsewhere [Xing et al. 2016a; 2016b; 2016c]. Considering the anisotropy of 
diffusion coefficient of species i, the effective diffusion coefficient along the in-plane and through-plane 
directions were written as follow [Cindrella et al. 2009, Jayakumar et al. 2015]. 
                                     
1.5 0.521 0
,
1.5 0.785 0
,
0.11
(1 ) ( )
1 0.11
0.11
(1 ) ( )
1 0.11
p
p i g
eff
i
p
p i g
s D in plane
D
s D through plane





  
 
  
 
                           (4) 
The intrinsic diffusion coefficient 
0
,i gD  (m
2
 s
-1
) was written as a function of mole fraction of species i 
and the binary diffusion coefficient i jD  . 
0
,
1
( )
i
i g
j i j
i j
x
D
x D 




                                                                  (5) 
A more complicated equation is introduced for the conservation of momentum. 
2
( ) ( ( ) ) ( )
3
g g
g g g T g g
eff eff eff eff eff
p p p p p
p
k
   
   
   
           
      
u
u u u u u                 (6) 
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where 
g (kg m-3), p  (Pa) and   (Pa s) are the density, pressure and viscosity of gas mixture, effp  and 
eff
pk  (m
2
) are the effective porosity and gas permeability of diffusion media, respectively. Due to the 
occupation of liquid water, both 
eff
p  and 
eff
pk  are functions of the volume fraction of liquid water within 
the porous electrode (water saturation), expressed as follow [Tomadakis and Robertson 2005; Cindrella et 
al. 2009].  
0 (1 )effp p s                                                                         (7) 
2 0 0 2.521
1.5
0 2 0 0.521 0 2
2 0 0 2.785
1.5
0 2 0 0.785 0 2
( 0.11)
( )
8(ln ) (1 ) (1.521 0.11)
( 0.11)
( )
8(ln ) (1 ) (1.785 0.11)
p p eff
p
p p peff
p
p p eff
p
p p p
R
in plane
k
R
through plane
 

  
 

  
 

 
 

  
                (8) 
where s  is the water saturation, defined as the volume fraction of void space occupied by liquid water, R  
(m) is the radius of carbon fiber, assumed to be 1.0  10-6 m in this study, 
0
p  is the initial porosity of 
electrode.  
We need one more equation to describe the transport of liquid water along with the gas mixture. Based 
on the method of volume of fluid (VOF), the governing equation for water saturation inside the electrode 
and the channel at steady state is expressed as [Xing et al. 2016a; 2016b; 2016c]: 
l l
g lw w
c r w
w w
D s k S
M M
  
    
 
u                                                (9) 
where 
l
w  (kg m
-3
) and wM  (kg mol
-1
) are the density and molecular weight of liquid water, respectively. 
rk  is defined as 
3 3[(1 ) ]g lr w wk s s   , 
g
w  and 
l
w  (Pa s) are the viscosity of the gas mixture and 
liquid water respectively, 
l
wS  (mol m
-3
 s
-1
) is the source term, details were given elsewhere [Xing et al. 
2016a; 2016b; 2016c], cD  (m
2
 s
-1
) is the capillary diffusion coefficient [Pasaogullari et al. 2004; 2007]. 
  
10 
 
 
( )
cos( ) ( )
l
eff effr
c c p pl
w
k dJ s
D k
ds
  

                                               (10) 
where 
l
rk  ( = 
3s ) is the relative permeability of liquid phase,  (N m-1) is the surface tension of water, 
c  () is contact angle, and ( )J s  is the Leverett function. The Leverett function for CL and GDL is 
available elsewhere [Pasaogullari et al. 2004; 2007, Das et al. 2010a]. Note that due to the anisotropy of  
eff
pk , the capillary diffusion coefficient also exhibits anisotropic properties along the in-plane and the 
through-plane directions. Therefore, the anisotropy of gas permeability of the electrode has an influence 
on both the gas and liquid water transport.  
2.2.2 Electron and ion transport 
The conservation of charge results in the following equation for describing the distribution of potentials 
of solid and electrolyte phases within the CLs at the anode and cathode: 
2 2
, , , ,
eff eff
i s i s i ele i ele                                                     (11) 
where ,i s  and ,i ele  (V) are the potentials, and ,
eff
i s  and ,
eff
i ele  (S m
-1
) are the effective conductivities of 
the solid phase (electron transport) and the electrolyte phase (ion transport), respectively. Considering the 
anisotropy of the electron and ion conductivities, the in-plane and through-plane conductivities of 
electrons and ions can be expressed as follows. 
       
0( )effs p sf                                                                        (12) 
0( )effele p elef                                                            (13) 
where 
0
s  and 
0
ele  (S m
-1
) are the intrinsic electron and ion conductivities of the porous electrode, and 
( )pf   is the structural/geometrical function [Das et al. 2010b]. 
0
s  was assumed to be a constant (1,250 
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S m
-1
) in this study [Sousa et al. 2010], and 
0
ele  is a function of the temperature and water content, as 
follows [Springer et al. 1991, Suzuki et al. 2011]. 
0 1 1(0.5139 0.326)exp 1268( )
303
ele
T
 
 
   
 
                                 (14) 
Considering the anisotropy of the electron and ion conductivities, the structural function ( )pf   
associated with the electrode porosity p  is given as follows [Cindrella et al. 2009; Zamel et al. 
2012]. 
0.016
0.007
3
1 ( )0.962exp[0.367(1 )](1 )
2
( )
3
1 ( )0.962exp[0.889(1 )](1 )
2
p
p p
p
p
p
p p
p
in plane
f
through plane

 



 




   

 
    
 
       (15) 
The above equation was developed by fitting several experimental data from different researchers. The 
data of Nitta et al. (2007) and Becker et al. (2009) were mainly used for model validation in the GDL 
porosity range of 0.6–0.9. SIGRACET 10-BA (with 5 wt% polytetrafluoroethylene (PTFE) loading) and 
Toray TGP-H-060 without a PTFE coating were used, respectively. Ismail et al. (2010) found that the 
increase of the PTFE loading has no effect on the in-plane electrical conductivity but decreases the 
through-plane conductivity. In our study, the PTFE mass ratio was controlled to approximately 4 wt%. 
We assumed that the effect of the PTFE loading on the through-plane conductivity is negligible at this 
low PTFE loading.  
The volumetric current density based on the agglomerate assumption is expressed as follows [Xing et al. 
2016a; 2016b; 2016c]. 
1
, ,
1
4
agg ele wi ele w
i s i agg
i agg agg agg agg i ele agg i w
rp
i i F
H E k r a D a D
   

 
   
          
     (16) 
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where ip  (Pa) is the partial pressure of the reactant gases; iH (Pa m
3
 mol
-1) is the Henry’s constant for 
the reactant gases dissolving in the ionomer film; i eleD   (m
2
 s
-1
) and i wD  (m
2
 s
-1
) are the diffusion 
coefficients of the reactant gases through the ionomer and liquid water, respectively; the subscript i 
represents the anode and cathode, also stands for the hydrogen at the anode and oxygen at the cathode; 
aggE  is the effectiveness factor of the agglomerate; agga (m
-1
) is the specific area of the agglomerate; aggr  
(m) is the radius of the agglomerate; 
ele  (m) and w  (m) are the thicknesses of the ionomer and the 
liquid-water films surrounding the agglomerate, respectively; and aggk (s
-1
) is the reaction rate coefficient, 
which is expressed as follows [Sun et al. 2005, Xing et al. 2015]. 
0, (1 )
exp exp
4
ref
agg i i i i i
agg ref
i
a i F F
k
Fc RT RT
        
     
    
                               (17) 
Here, 
ref
ic  (mol m
-3
) is the reference concentration of the reactant gases, 0,
ref
ii  (A m
-2
) is the reference 
exchange current density, 
i  is the charge-transfer coefficient, and i  (V) is the overpotential at the 
anode and cathode, which is expressed as:  
, ,
eq
i s i l i iE                                                                (18) 
where ,s i , ,l i , and 
eq
iE  (V) are the solid-phase potential, electrolyte-phase potential, and equilibrium 
potential, respectively. The subscript i represents the anode or cathode.  
The effectiveness factor of the spherical agglomerate is expressed as [Sun et al. 2005]: 
, , ,
1 1 1
tanh(3 ) 3
agg
T agg T agg T agg
E
M M M
 
  
  
                                       (19) 
where ,T aggM  is the Thiele’s modulus. For a spherical agglomerate, it is given as [Sun et al. 2005]: 
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,
3
agg agg
T agg eff
i
r k
M
D
                                                            (20) 
where 
eff
iD  (m
2
 s
-1
) is the effective diffusion coefficient of gas diffusing through the void space of the 
CLs, which is anisotropic and is calculated using Eq. (4).  
2.2.3 Heat transport 
The heat transfer in terms of diffusion and convection can be described by the equation given below. 
, , ,
( )g ip p i T T
i g l i g l s
c T k T S 
 
   
     
   
 u                                 (21) 
where pc  (J mol
-1
 K
-1
) and 
Tk  (W m
-1
 K
-1
) are the specific heat capacity and thermal conductivity, 
respectively.  
TS  (W m
-3
) is the heat source/sink, accounting for the heat change originated from reaction, 
Joule heating and water phase-transfer. The detailed expression of the source term of heat is shown 
elsewhere [Xing et al. 2016a; 2016b; 2016c]. The thermal conductivity of gas phase is a function of 
effective porosity and mole fraction of species i [Wilke 1950]. 
(1 )T i ig p
i j ij
j
x k
k s
x
 



                                                        (22) 
in which  
2
0.5 0.5 0.251 (1 ) 1 ( ) ( )
8
ji i
ij
j j i
MM k
M k M

 
    
  
                                       (23) 
where ix  and ik  (W m
-1
 K
-1
) are the mole fraction and thermal conductivity of species i in the gas 
mixture.  
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T
lk   is the effective thermal conductivity of liquid water, which is a determined by temperature and the 
volume fraction of water, expressed as follow [Poling et al. 2001, Xing et al. 2014a]. 
5 2 3( 1.118 10 8.388 10 0.9004)Tl pk s T T
                                  (24) 
Note that the effective thermal conductivity of solid component of the electrode is an anisotropic 
parameter, expressed as following equation [Zamel et al. 2010]. 
0.009 0
0.008 0
3
1 ( )0.977exp[0.344(1 )](1 )
2
3
1 ( )0.963exp[0.881(1 )](1 )
2
p
p p s
ps
T
p
p p s
p
k in plane
k
k through plane

 


 




   

 
    
 
            (25) 
0
sk  is the intrinsic thermal conductivity of the solid matrix within electrode, depending on the 
composition of the electrode.  
0
s i i
i
k L k                                                                             (26) 
where iL  and ik  are the volume fraction and thermal conductivity of component i inside the porous 
electrode. More details were given elsewhere [Xing et al. 2016a; 2016b; 2016c].                                
2.2.4 Properties of catalyst layer 
    The CLs consist of Pt/C, ionomer, void space and GDL penetration, the sum of their volume fractions 
equals to 1. 
0 1Pt C ele pen CLL L L L                                                          (27) 
The volume fractions of Pt/C, ionomer, GDL penetration can be expressed as follows. 
Pt
Pt
Pt CL
m
L
l
 , CC
C CL
m
L
l
 , ele
ele
ele CL
m
L
l
 , (1 )pen GDL GDLL L                           (28) 
  
15 
 
where, 
Ptm , Cm  and elem  (mg cm
-2
) are the mass loadings of Pt, carbon and ionomer, 
Pt , C  and ele  
(kg m
-3
) are the densities of Pt, carbon and ionomer, respectively. 
CLl  (m) is the CL thickness, GDL  and 
GDLL  are the GDL porosity and the percentage of GDL penetrating CL (assumed to be 30% in this work). 
(1 )GDL  represents the solid portion of GDL, penL  is therefore the volume fraction of the solid fiber 
within the GDL penetrated into CL.  
Substituting Eq. (24) into Eq. (23) leads to the CL thickness calculated as the following equation. 
0 1 1 11 (1 ) ( )Pt eleCL GDL GDL
CL Pt C ele CL
m mf
L
l f l
 
  

                                   (29) 
where f  is the platinum to Pt/C mass ratio, defined as: 
Pt
Pt C
m
f
m m


                                                                (30) 
Once the CL is prepared, it is sandwiched between GDL and PEM by applying a clamping force on the 
current collector. The thickness of the CL can be considered as a constant. However, the ionomer within 
the CL swells when absorbing water, leading to an expansion of its volume and a decrease in CL 
porosity [Xing 2018]. The volume fraction of ionomer after swelling is expressed as:  
(1 )sweele ele sL L k                                                         (31) 
where 
sk  is swelling coefficient and   is ionomer water content.  
Thus, by considering the ionomer swelling, the CL porosity is calculated using the following equation. 
0 ele
CL CL s
ele CL
m
k
l
  

                                                       (32) 
The specific reaction surface area of the CL is calculated as:  
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Pt s
CL
CL
m A
a
l
                                                                (33) 
where 
sA  (m
2
 kg
-1
) is the catalyst surface area per unit mass of the catalyst, which can be calculated 
using the empirical expression shown as follow [Khajeh-Hosseini-Dalasm et al. 2010].  
3 2 3(227.79 158.57 201.53 159.5) 10sA f f f                                (34) 
When applying the agglomerate model to describe the ORR dynamics, a correction is used for the 
specific area of agglomerate as follow [Xing et al. 2013; 2014b]. 
1 CL
agg CL
Pt C
a a
L L



                                                      (35) 
2.3 Boundary conditions 
Hydrogen and vapor are the two gas components at the anode, and oxygen, vapor, and nitrogen are the 
three gas components at the cathode. The relative humidity, pressure, temperature, and liquid-water 
saturation of both inlets are set as 100%, 1.0 atm, 70 C, and 0, respectively. The velocities of the inlet 
gas are given as follows: 
2
,0
0
,2
ref
g a M
a
a H a Ch
RTi A
Fp x A

u  ,   
2
,0
0 0
,4
ref
g c M
c
c O c Ch
RTi A
Fp x A

u                                  (36) 
where 
a  and c  are the stoichiometry flow ratios of the anode and cathode reactant gases, respectively; 
refi (A cm-2) is the reference current density, which is defined as 1.0 A cm-2 in this study; and 
MA  (m
2
) 
and 
ChA (m
2
) are the effective area of the electrode and the cross-sectional area of the channel, 
respectively.  
The water content at the CL–membrane interfaces of the anode and cathode are defined as Dirichlet 
boundaries, which can be calculated using the following equations [Yang et al. 2011]:  
  
17 
 
2 3
, , ,0.043 17.81 39.85 36.0i w i w i w i                                     (37) 
, , 2
i
w i w i
sat
p
x s
p
                                                         (38) 
5 2 7 3
10log 2.1794 0.02953 9.1837 10 1.4454 10satP T T T
                  (39) 
where w  is the water activity as a function of the mole fraction of vapor wx  , the pressure p , and the 
water saturation s ; the subscript i represents the anode or cathode; and satp  (Pa) is the saturation 
pressure of vapor at the temperature T  [Springer et al. 1991].  
    At the interface between the channel and the GDL on the anode side, the potential of the solid phase 
,s a  is set as 0. At the interface between the channel and the GDL on the cathode side, the potential of the 
solid phase ,s c  (V) is set to the open-circuit potential, which can be approximated using the following 
equation [Ismail et al. 2012]. 
2 2
4 5 0.5
, 1.482 8.45 10 4.31 10 ln( )s c H OT p p
                                         (40) 
2.4 Numerical solution 
The commercial software COMSOL Multiphysics 4.4 is employed to implement the fully coupled 
governing equations based on the finite-element method using a personal laptop with a i5 processor and 8 
GB RAM. The MUMPS stationary solver of the software was chosen, and the relative tolerance was set 
to 0.0001. At the nodes of the developed mesh over the computational domain, the mathematical 
expressions accounting for various phenomena are numerically solved with the boundary conditions, and 
then an iterative process is performed until the calculation error is <10
-4
. The parameter sweep method 
was used and the cell voltage in the range of 0.9 - 0.2 V was employed, so that the current density – cell 
voltage (polarization) curves can be plotted during simulation.  
2.5 Mesh independency 
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        A rectangular mesh was mapped over the computational domains, including the channel, GDLs, CLs, 
and membrane, as shown in Fig. 2. The number of elements was fixed at 250 along the y-direction of the 
cell, and different numbers of elements of the channel, GDLs, CLs, and membrane along the x-direction 
were studied. Theoretically, the computational error in the solution must disappear for an increasingly 
fine mesh. In this study, the current density obtained at 0.2 V was chosen as the parameter for evaluating 
the modeling results for nine mesh grids, as shown in Table 3, where the total number of elements 
increased by 1  104 for each case. The results of the mesh independency study are shown in Fig. 3, 
indicating that as the number of elements increased, the current density reached an asymptotic value, and 
the computational time increased.  The current density obtained from Grid 2 to 5 changed slightly when 
the element number of the CLs was kept as a constant. The obtained current density almost remained 
constant when the mesh was finer than Grid 7. A relatively rapidly decrease in the current density and a 
fast increase in the computational time were observed between Grid 5 and Grid 7, indicating that the most 
time-consuming step in the computational process was related to the CLs. Therefore, a finer mesh must be 
developed for the CLs in order to significantly reduce the calculation error. Grid 7 was selected for the 
modeling owing to the acceptable accuracy and computational time, which were sufficiently reliable to 
ensure mesh independency.  
3. Experiments 
Polarization curves of the as-prepared single fuel cell unit were measured to validate the developed 
numerical model. A certain amount of deionized water was added to Nafion
®
 and mixed in a glass beaker 
under stirring, followed by ultrasonication for 15 min. The required amounts of Pt/C (Vulcan XC-72) and 
isopropanol were added to the aforementioned solution to prepare a catalyst ink, which was then placed in 
an ultrasonic bath for 30 min at room temperature. The ink was sprayed evenly onto the surface of the 
GDL by using an ultrasonic spray system (Sunlaite SP201), with N2 as a carrier gas. PTFE-treated 
commercial carbon papers TGP-H-090 (Toray, initial porosity of 0.78) were used as GDLs. A PTFE 
suspension (0.5 mg cm
-2
) was prepared by adding a certain amount of PTFE to deionized water, followed 
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by intensive ultrasonication, and then sprayed onto the surface of the pristine TGP-H-090. After the 
evaporation of the solvent and a thermal treatment, a thin PTFE layer remained on the internal surface 
within the carbon paper, leading to a decrease in the GDL porosity and an increase in the hydrophobicity. 
The final porosity of the GDL was 0.77.  
    The carbon paper was heated on a hot plate to maintain the temperature in the range of 80–100 C for 
good liquid evaporation. A Nafion
®
 solution in deionized water was used as a binder. A Nafion
®
 112 
membrane (DuPont) was sandwiched between the cathode and the anode and then hot-pressed for 3 min 
at a pressure of 500 kg and a temperature of 100 C. The single cell body was made of titanium, with an 
active area of 1.0 cm
2
, and surrounded by an O-ring seal. Parallel channels with a depth and width of 1.0 
mm were installed on the fluid flow plate. The cell was thermostatically controlled by cartridge heaters. 
Hydrogen and air were supplied as the reactants and were humidified by passing through an external 
humidifier. The operating conditions were as follows: fuel cell and gas inlet temperatures of 70 C, a gas 
pressure of 1.0 atm, an anode and cathode gas humidity of 100%, hydrogen stoichiometry of 1.2, and air 
stoichiometry of 2.0. Polarization curves were recorded at a scan rate of 10 mV s
-1
 by employing Autolab 
(PGSTAR 30, Eco Chemie). Several cycles were conducted until steady performance was obtained.  
4. Results and discussions 
4.1 Ratios of in-plane and through-plane transport rate 
The values of all the studied parameters related to the in-plane properties, including the electrode 
permeability; gas and water diffusivities; and electrical, ionic, and thermal conductivities, were larger 
than those for the through-plane case. The ratios of in-plane and through-plane transport rates of the 
studied parameters are compared in Fig. 4. It can be seen that the ratios are sensitive to the porosity of the 
porous media. With the increase of the electrode porosity, the ratios of the electron, ion, and thermal 
conductivities increase dramatically, whereas the ratios of the electrode permeability and gas and water 
diffusivities gradually decrease. The in-plane and through-plane ratios indicate the influence of the 
anisotropic properties of the studied parameters on the transport rate of the associated processes, such as 
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the diffusion rate of reactant gas through the void space and the transport rates of electrons and ions via 
the carbon and ionomer network inside the porous electrode. The anisotropy of the electron, ion, and 
thermal conductivities are relatively significant when the electrode has a high porosity. According to Eqs. 
(27)–(29), the increase of the volume fraction of the platinum/carbon and ionomer results in a decrease of 
the electrode porosity. In this condition, the in-plane and through-plane ratios of the electrode 
permeability, gas diffusivity, and capillary diffusivity of liquid water increase, resulting in a more 
significant impact of the in-plane transport on the overall transport process. In contrast, the anisotropy of 
the electrode permeability, gas diffusivity, and capillary diffusivity of water is not obvious at a high 
electrode porosity, owing to the large void space. The transport along both directions is equally important.  
4.2 Parametric study of studied anisotropic parameters 
The effects of the anisotropic gas diffusivity, electron and ion conductivity, gas permeability, and 
thermal conductivity were individually investigated, as shown in Fig. 5. The leftmost (Line 1) and 
second-rightmost (Line 5) curves are obtained from the anisotropy and isotropy along the in-plane 
direction of the studied parameters, respectively. Individually setting the anisotropic electron/ion 
conductivity (Line 2), gas diffusivity (Line 3), and electrode permeability (Line 4) leads to variations of 
the polarization curves within the region between Lines 1 and 5. 
In this region, the impact of the electron and ion conductivities on the cell performance is demonstrated 
by Line 2 in Fig. 5. It is clear that the polarization curve obtained by using the anisotropic electron and 
ion conductivities almost overlaps that applies anisotropic parameters (Line 1) at low and medium current 
densities. Moreover, both lines obviously depart from the polarization curve that sets the in-plane isotropy 
of all parameters (Line 5). It is found that the electron and ion transport rates are of vital importance to the 
cell performance in the low and medium current density ranges. The effects of the anisotropic electron 
and ion conductivities were separately studied, as shown in Fig. 6. Both the anisotropic electron and ion 
conductivities affect the polarization curves in the full range of current densities. Apparently, the 
influence of the ion conductivity is more significant than that of the electron conductivity. This can be 
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explained by the composition of the porous electrode, in which the higher intrinsic electron conductivity 
is guaranteed by the carbon fiber as the primary material of the electrode. The ion conductivity strongly 
depends on the amount of Nafion ionomer. At fixed ionomer loading, the overall ion conductivity is 
reduced by the relatively low through-plane ion conductivity, resulting in a larger decline of the current 
density.  
Line 3 in Fig. 5 reflects the effect of the anisotropic gas diffusivity on the cell performance. The 
diffusion coefficients of the reactant gases were set as an anisotropic parameter based on Eq. (4) while the 
other parameters were kept as in-plane isotropic parameters. The effect of the gas diffusivity on the cell 
performance is very small at a low current density, because the overall rate control process involves 
electrochemical kinetics. With the increase of the current density, the overall rate control process was 
replaced by the species transport rate. Thus, the influence of the gas diffusivity on the polarization curves 
increased, leading to a large decrease in the current density when the anisotropic gas diffusivity was 
applied.  
Line 4 in Fig. 5 represents the influence of the anisotropic electrode permeability on the polarization 
curve. The anisotropic permeability had a limited impact on the cell performance at low and medium 
current densities. The departure of the polarization curves is observed at a high current density, which can 
be explained by the transport rate of liquid water. As shown in Eq. (8), the anisotropic electrode 
permeability can change both the gas permeability and the capillary diffusivity of liquid water. Similar to 
the anisotropic electron and ion conductivities in Fig. 6, the effects of the anisotropic gas permeability and 
water capillary diffusivity are investigated separately in Fig. 7. The polarization curves obtained from the 
in-plane isotropic parameters and anisotropic gas permeability overlap each other, indicating a very weak 
impact of the gas permeability on the cell performance in the full range of current densities, which agrees 
with the finding of Ismail et al. (2012). The anisotropic water capillary diffusivity has a considerable 
influence on the cell performance at high current densities.  
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The effect of the anisotropic thermal conductivity on the cell performance (Line 6 on the right side of 
Fig. 3) is not significant. The relatively low through-plane thermal conductivity leads to a decrease in the 
overall thermal conductivity and eventually an increase in the local temperature inside the electrode, 
which improves the cathode charge-transfer coefficient and the water carrying capacity (WCC) of the 
reactant gas. The increase in the charge-transfer coefficient and WCC improves the cell performance by 
increasing the reaction rate and reducing the water flooding at medium and high current densities. 
However, as the current density approaches the limiting current density, the increase of the WCC dilutes 
the oxygen concentration at the cathode, leading to a very slight improvement of the cell performance 
[Xing et al. 2014a; 2014b].  
4.3 Effect of anisotropic permeability on water profiles 
The effect of the gas permeability (excludes its impact on water transport) on the cell performance can 
be omitted owing to its very small impact on the polarization curve, as shown in Fig. 7. The effect of the 
gas permeability on the cell performance is mainly initiated by the change of the capillary diffusivity of 
liquid water through the porous electrode. Fig. 8 shows the effect of the anisotropic gas permeability on 
the water saturation profile inside the cathode GDL, in which the upper and lower layers were obtained 
using the anisotropic and in-plane isotropic gas permeabilities, respectively. It is clear that the water 
saturation increases along the air flow direction through the channel and the diffusion direction through 
the electrode. The figure shows that the region at the downstream of the cathode GDL exhibits a high 
saturation level due to the lower through-plane capillary diffusivity, and the water removal rate is reduced 
when the anisotropic gas permeability is applied.   
4.4 Effect of anisotropic diffusivity on oxygen concentration 
The profiles of the oxygen concentration inside the cathode GDL and CL with anisotropic and isotropic 
gas diffusion coefficients are shown in Fig. 9. The oxygen concentration decreases significantly along 
both the in-plane and through-plane directions, leading to a local low oxygen concentration region near 
the cathode CL. As shown in the figure, the difference in the oxygen concentration near the cathode CL–
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membrane interface is significant owing to the change in the oxygen transport rate. The isotropic model 
overpredicted the oxygen concertation near the CL–membrane interface. At high current densities, the 
overall rate is determined by the concentration of available oxygen on the surface of the catalysts. Owing 
to the lower through-plane gas diffusivity, the oxygen transport rate along the through-plane direction is 
lower than that along the in-plane direction. The lower diffusion rate leads to a sharper gradient of the 
oxygen concentration through the electrode, resulting in a lower oxygen concentration within the CL and 
eventually a large reduction of the current density. It is worth of noticing that the oxygen concentration 
profiles at 0.5 V were used instead of 0.2 V. Because the oxygen concentrations decrease to extremely 
low values (nearly zero) at 0.2 V, due to the high consumption rate of oxygen at high current densities, 
leading to the overlap of two layers near the cathode outlet. The effect of isotropic and anisotropic 
diffusivities is hard to evaluate in this region. For a better distinction of the oxygen concentrations with 
respect to isotropic and anisotropic diffusivities, we choose 0.5 V as a representative. The overall oxygen 
concentration profiles of 0.2 V are similar to that of 0.5 V.  
4.5 Effect of anisotropic electrical and ionic conductivities on current density profiles 
    Overpotential reflects the driving force of the electrochemical reaction, which is defined as the 
difference among the potential of the solid phase, electrolyte phase, and equilibrium potential of the 
electrode, according to Eq. (18). The overpotential at the cathode is negative, making the second term in 
the bracket of Eq. (17) negligible and leading to a positive cathode current density. A more negative 
cathode overpotential yields a larger reaction driving force and a higher current density at the cathode. 
The overall rate of the oxygen reduction reaction (ORR) inside the cathode CL at medium and high 
current densities depends on not only the transport rate of oxygen through the void space but also the ion 
migration rate from the anode CL to the cathode CL.  
As shown in Fig. 10, the overpotential inside the cathode CL is lower near the areas of the CL–
membrane interface and the cathode outlet, which can be explained by the proton transport resistance 
along both the through-plane and in-plane directions. When the anisotropic ion conductivity is applied, 
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the cathodic overpotential is higher inside the CL and decreases more remarkably along the through-plane 
direction from the CL–GDL interface to the CL–membrane interface, indicating the significance of the 
anisotropic ionic conductivity for evaluating the cell performance correctly and accurately. The lower 
cathodic overpotential near the CL–membrane interface results in a higher electrolyte current density in 
the region near the CL–membrane interface, as shown in Fig. 11.  
The effect of the anisotropic electrical conductivity on the electrode current density within the cathode 
CL is shown in Fig. 12. It is clear that the use of the anisotropic electron conductivity results in a lower 
electrode current density compared with the isotropic electron conductivity. Unlike the profiles of the 
electrolyte current density, a higher electrode current density is observed near the CL–GDL interface, 
which is closer to the electrons generated by the anode reaction and traveled via the external circuit to the 
cathode. In addition, the effect of the anisotropic electron conductivity on the current density is 
insignificant compared with that of the electrolyte conductivity. This can be explained by the larger 
amount of Pt/C as electron conductive materials compared with the Nafion ionomer as the proton 
conductive media. It is also found that both the electrolyte and electrode current densities are higher near 
the cathode inlet, which is due to the higher ORR rate in this region.  
4.6 Effect of anisotropic thermal conductivity on temperature profiles 
Because of the impact of the temperature on the saturation pressure of vapor and the electrochemical 
kinetics, heat management is another vitally important issue affecting the cell performance. Thus, the 
effect of the anisotropy of the thermal conductivity on the temperature distribution must be considered in 
conjunction with the water management. Fig. 13 shows the temperature profile within the cathode GDL 
with isotropic and anisotropic thermal conductivity. The temperature obtained from the anisotropic 
thermal conductivity is higher than that for the case of isotropy. This indicates that the model with 
isotropic thermal conductivity underestimates the temperature by approximately 1 C because the low 
through-plane thermal conductivity is replaced by the in-plane one. The maximum temperature is 
observed in the area near the CL–GDL interface and the cathode outlet owing to the exothermic ORR and 
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heat accumulation in the downstream region. The increment of the temperature within the electrode 
improves the cathodic charge-transfer coefficient, increasing the kinetic current density. Meanwhile, the 
saturation pressure of vapor increases with the temperature, increasing the WCC of the reactant gases and 
diluting the effective concentration of oxygen in the gas mixture. Close to the limiting current density, the 
starvation of oxygen at the cathode becomes the dominant process for the reduced cell performance.  
4.7 Sensitivity analysis of studied anisotropic parameters 
To quantitatively analyze the contributions of the anisotropy of each studied parameter on the cell 
performance, the sensitivity index is defined as ( )all i allaniso aniso anisoi i i , where 
i
anisoi  represents the current 
densities at various cell voltages obtained from the anisotropies of each individual parameter i, and all
anisoi  
represents the current density obtained from the anisotropies of all the parameters. A larger sensitivity 
index represents closer values of i
anisoi  and 
all
anisoi , indicating the large impact of the anisotropy of the 
studied parameter on the cell performance. As shown in Fig. 14, the cell voltages of 0.8, 0.5, and 0.2 V 
represent low, medium, and high current densities. The anisotropies of the majority of the studied 
parameters contribute almost equally to the cell performance at the low current density, except for the 
anisotropy of the ion conductivity. At the low and medium current densities, the anisotropy of the ion 
conductivity contributes significantly to the current density, indicating the most significant influence of 
the ion conductivity on the cell performance. At the high current density, the greatest contribution is from 
the anisotropy of the gas diffusivity, reflecting the significance of the mass transport on the cell 
performance. Moreover, the effect of the anisotropic water transport under the capillary force on the cell 
performance increases with the current density, owing to the more severe water flooding within the 
electrodes. The anisotropy of the ion conductivity also contributes significantly to the cell performance at 
the high current density. Among all the studied parameters, the anisotropies of the thermal conductivity 
and gas permeability of the electrode are least important to the cell performance in the full range of the 
current density.  
  
26 
 
5. Conclusions 
A non-isothermal, two-phase flow, CFD model was developed to comprehensively investigate the 
anisotropies of species transport, charge migration, and heat transport in PEM fuel cells operated at 
various loads. The transport of reactant gases, liquid water, protons, electrons, and heat along the in-plane 
and through-plane directions was separately studied, and the contributions to the overall cell performance 
at different current densities were compared. The developed model was validated by experimental data. 
The isotropies of most of the studied parameters overpredicted the cell performance. Thus, the anisotropy 
of the porous electrode must be carefully considered for accurate prediction of the cell performance under 
various working conditions.  
Among all the studied parameters, the ion conductivity and gas diffusivity affect the cell performance 
most significantly. The effect of the anisotropic ion conductivity on the cell performance is significant in 
the full range of current densities. The anisotropic gas diffusivity hardly affects the cell performance 
when the current density is low. However, its effect becomes important at high current densities, 
particularly in the concentration polarization region. On the contrary, the anisotropic electrode 
permeability for gas transport and the anisotropic thermal conductivity can be neglected owing to their 
very limited influence on the cell performance in the full range of current densities. It is also found that 
the anisotropy of the electrode permeability leads to a considerable change of the liquid-water transport 
under capillary force, which affects the cell performance by modifying the water saturation profiles 
within the porous electrode.  
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Fig. 1 Sketch of fuel cell unit and the transport of gas through the anisotropic porous electrode 
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Fig. 2 Mesh topology of computational domain 
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Fig. 3 Mesh independency study  
(current density was obtained from the model in which all transport parameters are anisotropic) 
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Fig. 4 Ratios of in-plane and through-plane parameters with various electrode porosity 
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Fig. 5 Effect of anisotropic parameters on cell performance 
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Fig. 6 The effect of anisotropic electron and ion conductivities on the cell performance 
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Fig. 7 The effect of anisotropic gas permeability and water capillary diffusivity on the cell performance 
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Fig. 8 Effect of anisotropic gas permeability on the water saturation within the cathode GDL at 0.2 V. Upper layer – anisotropic 
gas permeability; Lower layer – isotropic parameters. X = 0 – GDL-CL interface, X = 1 – GDL-channel interface, Y = 0 – 
cathode outlet, Y = 1 – cathode inlet.  
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Fig. 9 Effect of anisotropic gas diffusivity on the oxygen concentration profiles within the cathode GDL and CL at 0.5 V. Upper 
layer – isotropic parameters; Lower layer – anisotropic gas diffusivity. X = 0 – CL-membrane interface, X = 1 – GDL-channel 
interface, Y = 0 – cathode outlet, Y = 1 – cathode inlet.  
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Fig. 10 Effect of anisotropic ion conductivity on the cathode overpotential profiles within the cathode CL at 0.2 V. Upper layer – 
anisotropic ion conductivity; Lower layer – isotropic parameters. X = 0 – CL-membrane interface, X = 1 – CL-GDL interface, Y 
= 0 – cathode outlet, Y = 1 – cathode inlet.  
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Fig. 11 Effect of anisotropic ion conductivity on the electrolyte current density within the cathode CL at 0.2 V. Upper layer – 
isotropic parameters; Lower layer – anisotropic ion conductivity. X = 0 – CL-membrane interface, X = 1 – CL-GDL interface, Y 
= 0 – cathode outlet, Y = 1 – cathode inlet.  
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Fig. 12 Effect of anisotropic electron conductivity on the electrode current density within the cathode CL at 0.2 V. Upper layer – 
isotropic parameters; Lower layer – anisotropic electron conductivity. X = 0 – CL-membrane interface, X = 1 – CL-GDL 
interface, Y = 0 – cathode outlet, Y = 1 – cathode inlet.  
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Fig. 13 Effect of anisotropic thermal conductivity on the temperature within the cathode GDL at 0.2 V. Upper layer – anisotropic 
thermal conductivity; Lower layer – isotropic parameters. X = 0 – CL-GDL interface, X = 1 – GDL-channel interface, Y = 0 – 
cathode outlet, Y = 1 – cathode inlet. 
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Fig. 14 Contributions of the anisotropy of each individual parameter on cell performance at different cell voltages 
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Table 1 Geometric parameters and operating conditions used in the model 
Parameters Symbol Value (Unit) 
Channel length ChL  1 × 10
-2 (m) 
Channel depth Ch  1 × 10
-3 (m) 
Channel width ChW  1 × 10
-3 (m) 
GDL thickness 
GDL  2.8× 10
-4 (m) 
CL thickness 
CL  1.5 × 10
-5 (m) 
PEM thickness 
M  1.2× 10
-4 (m) 
Intrinsic conductivity 
0
s  1250 (S m
-1) 
Platinum loading Ptm  0.4 (mg cm
-2) 
Pt/C ratio f  40% 
Ionomer loading elem  0.3 (mg cm
-2) 
GDL porosity 
GDL  0.77 
Charge transfer coefficient  
C  0.8 
Operating temperature T  70 (C) 
Back pressure p  1.0 × 105 (Pa) 
Relative humidity RH  100% 
Anode stoichiometric flow ratio a  1.2 
Cathode stoichiometric flow ratio c  2.0 
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Table 2 Specific expressions for the general convection-diffusion equation 
 Mass Energy Charge 
 Channel, GDLs and CLs All domains CLs and PEM 
  1 T  s , M  
  g  g  0 
F  0 
eff eff
pk c  s , M  
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Table 3 Mesh characters for mesh independency study 
 
x direction 
y direction 
Total 
elements Channels GDLs CLs Membrane 
Grid 1 10 10 10 10 250 17500 
Grid 2 30 10 10 10 250 27500 
Grid 3 50 10 10 10 250 37500 
Grid 4 50 30 10 10 250 47500 
Grid 5 50 50 10 10 250 57500 
Grid 6 50 50 30 10 250 67500 
Grid 7 50 50 50 10 250 77500 
Grid 8 50 50 50 50 250 87500 
Grid 9 50 50 50 90 250 97500 
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Graphical Abstract 
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Highlights 
 
 A two-phase flow, non-isothermal, CFD model for PEM fuel cells was developed.  
 Anisotropies of most important transport parameters were included and systematically 
studied.  
 Anisotropic properties increase model accuracy by agreeing better with experimental data. 
 Anisotropies of ion conductivity and gas diffusivity significantly affect cell performance.    
 
